Background: Adipogenesis can be modulated by various signaling pathways and transcription factors. Results: AICAR-activated AMPK inactivates GSK3␤, which stimulates Wnt/␤-catenin signaling and relieves CtBP repression, thus increasing GATA3 and inhibiting adipogenesis. Conclusion: AMPK controls the Wnt/␤-catenin/GATA3 axis via inactivating GSK3␤ to coordinately modulate adipogenesis. Significance: These findings provide new insight into the molecular mechanism and signal transduction of adipogenesis.
Obesity is a global health problem associated with an increased risk of type II diabetes, cancer, cardiovascular diseases, and other metabolism-related health problems. In adipose tissue, the increased fat mass associated with obesity is characterized by both increased adipocyte size and/or increased adipocyte number (1) . The number of adipocytes in body fat depots is largely determined by the process of adipogenesis. Adipogenesis, a differentiation process in which preadipocytes are transformed into differentiated adipocyte cells, is tightly regulated. A better understanding of the pathways that control adipogenesis will greatly contribute to the reduction of fat mass and protection from obesity and its associated diseases. To identify new biomarkers and therapeutic targets for the development of anti-obesity drugs, it is essential to first understand the molecular basis of adipogenesis and fat cell development in obesity. The molecular regulation of adipogenesis is controlled by many signaling molecules and transcription factors. Some studies have demonstrated that the GATA transcription factors GATA2 and GATA3 are expressed in white preadipocytes and in cultured preadipocyte cell lines such as 3T3-L1, but their expression is down-regulated with adipocyte differentiation (2) . These transcription factors act as preadipocyte markers and molecular gatekeepers that suppress the transition from preadipocytes to adipocytes by inhibiting the expression and activity of PPAR␥ 2 and C/EBPs (2, 3) , the key transcription factors in adipogenesis; this contributes to the balance between energy intake and output and prevents the development of obesity. Defective GATA2 and GATA3 expression is associated with obesity, so increased GATA factors may be important for therapeutic intervention. However, how the GATA factor expression is regulated in preadipocytes is still largely unknown.
Wnt factors, one group of extracellular signaling molecules, also inhibit adipogenesis. Wnt signaling inhibits adipogenesis by stabilizing ␤-catenin, a multifunctional protein involved in * This work was supported by Grants FDCT 025/2014/A1 and FDCT 088/ cell fate decisions, development, and transcriptional regulation (4 -6) . In the absence of Wnt stimulation, cytoplasmic ␤-catenin is phosphorylated by a degradation complex containing GSK3␤ (7, 8) . Phosphorylated ␤-catenin is then targeted to the ubiquitin/proteosome degradation pathway (8) . Upon Wnt stimulation, the degradation complex is dissociated and ␤-catenin degradation is prevented. The inactivation of GSK3␤ by phosphorylation can lead to ␤-catenin accumulation and stabilization (9 -11) . This stabilized ␤-catenin then translocates into the nucleus where it interacts with transcription factors, most notably members of the TCF/lymphoid-enhancing factor (LEF) family, to induce Wnt/␤-catenin downstream target gene expression (12, 13) .
In the absence of Wnt signaling, TCFs are thought to repress Wnt target gene expression, as has been suggested for other transcription factors that mediate signaling (14) . ␤-Catenin and co-repressors bind competitively to TCF as a result of overlapping binding sites, suggesting that ␤-catenin displaces the corepressors once it enters the nucleus, thus relieving transcriptional repression (6) . In addition to relieving TCF repression, ␤-catenin is thought to directly activate Wnt target gene expression by recruiting additional proteins to TCF-bound chromatin. Some studies have shown that 3T3-L1 preadipocytes express Wnt10b and that the ectopic expression of Wnt10b will activate Wnt/␤-catenin signaling, leading to the subsequent inhibition of two well characterized, key adipogenic transcription factors, C/EBP␣ and PPAR␥, which are necessary and sufficient for adipogenic differentiation (15) (16) (17) .
Another factor shown to play an important role in modulating the Wnt/␤-catenin pathway is CtBP. CtBP is a well known co-repressor in the repression of gene expression, including the Wnt/␤-catenin target genes. By forming dimers, which are also regulated by cellular metabolic status, CtBP brings together gene-specific transcriptional factors and epigenetic modifiers such as HDAC1, G9a, and LSD1. This process is essential to the establishment of gene-specific repression (18 -23) . CtBP also acts as a co-activator in some conditions; its co-activator function may not require dimerization but does depend on interaction with other co-activators such as p300 (24 -26) . However, this conclusion has been challenged by studies that show CtBP as a co-repressor even when recruited or acetylated by p300 (27) (28) (29) . As a co-repressor, CtBP has been reported to inhibit Wnt signaling targets by binding directly to TCFs or by preventing the interaction between ␤-catenin and TCFs (30 -33) , leading to the inhibition of Wnt target genes. As an energy sensor, the AMP-activated protein kinase (AMPK) signaling pathway also activates the Wnt/␤-catenin signaling that regulates cell differentiation and development (34, 35) . In addition, 5-amino-imidazolecarboxamide ribonucleoside (AICAR), an activator of AMPK, has been used as an experimental tool to activate AMPK in vitro and in vivo. Some studies report that AICAR inhibits the differentiation of 3T3-L1 adipocytes and adipogenesis (36 -38) . AICAR blocks the expression of the late adipogenic markers, fatty acid synthase and acetyl-CoA carboxylase, and of the transcription factors, C/EBP␣ and PPAR␥ (37) . These studies suggest that AMPK has an inhibitory role in adipocyte differentiation. However, despite these studies on the role of various transcription factors and signaling pathways in the anti-adipogenic effect, the detailed cross-talk among these signaling pathways and transcription factors remains incompletely understood.
In this study, we have demonstrated that AMPK activation by AICAR stimulates Wnt/␤-catenin signaling, possibly by increasing phosphorylation and inactivating GSK3␤ to stabilize ␤-catenin. AICAR-activated AMPK also increases ␤-catenin/ TCF transcriptional activity and relieves CtBP repression on GATA3 expression, collectively inhibiting the expression of key adipogenic regulators and adipogenesis.
Experimental Procedures
Cell Culture-Mouse 3T3-L1 preadipocytes (ATCC) were grown in 5% CO 2 in DMEM with 10% FBS and 1% penicillin/ streptomycin (Gibco). For preadipocyte differentiation, cells at 100% confluency were stimulated in DMEM supplemented with 0.5 mM 3-isobutyl-1-methylxanthine, 5 g ml Ϫ1 insulin, and 1 M dexamethasone (Sigma). After 3 days, a maintenance medium (DMEM, 10% FBS, 1% penicillin/streptomycin, and 5 g ml Ϫ1 insulin) was used and was changed every day for another 5-6 days. Oil Red O staining was used to monitor the matured adipocyte differentiation. Briefly, the cells were washed in PBS, fixed with 10% formalin in PBS for 30 min, and then stained with a 4:6 dilution in water of 0.5% Oil Red O (Sigma) in isopropanol for 1-2 h at room temperature. Finally, the stained cells were washed twice with distilled water and dried. To quantify the lipid accumulation, the stained dishes were dried, the Oil Red O was resuspended in isopropanol (1 min), and an OD solution was determined at 510 nm. Undifferentiated 3T3-L1 preadipocytes were treated with AICAR (0.5 mM), lithium chloride (LiCl, 25 mM) or Dickkopf 1 (Dkk1, 1 g/ml) at the times indicated in Figs. 1-4. Differentiated 3T3-L1 adipocytes were also treated with the above chemicals at the beginning of the differentiation induction or on the indicated days.
Antibodies and Chemicals-The antibodies against ␤-catenin, phospho-GSK3␤ (Ser 9 ), and GSK3␤ were purchased from Cell Signaling. The antibody against TCF was purchased from Millipore, and antibodies against CtBP, GATA3, PPAR␥, and C/EBP␣ were purchased from Santa Cruz Biotechnology, Santa Cruz, CA. AICAR was purchased from Sigma. DKK1 was purchased from R&D Systems, and LiCl was purchased from Sigma.
Quantitative Real-time RT-PCR-The total RNA extracted from the cells using TRIzol (Invitrogen) was treated with Turbo DNase (Ambion), and 2 g was reverse-transcribed in a 40-l volume system (QuantiTect reverse transcription kit (Qiagen)) for quantitative PCR assays. The electrophoresis method was used to ensure the integrity of the RNA by checking multiple major rRNA bands and other high-copy RNAs. Quantitative real-time PCR analyses were carried out using gene-specific primers (working concentration at 250 nM) in a 7900 Sequence Detector (Applied Biosystems, Foster City, CA). The PCR running procedure was as follows: 4 min denaturing at 95°C followed by 40 cycles of 30 s of denaturing at 95°C and then annealing and extension at 60°C for 1 min. The fluorescent signals were collected for each cycle. The data were then analyzed using Applied Biosystems' real-time PCR analysis soft-ware SDS-2.2. For relative mRNA quantification of all of the genes, SYBR Green real-time RT-PCR was used with normalization to the housekeeping gene S16 as an internal control. The primer sequences were as follows: GATA2 for, 5Ј-TGGGCTC-TACCACAAGATGA-3Ј, and rev, 5Ј-GCCATAAGGTGGTG-GTTGTC-3Ј; GATA3 for, 5Ј-TCAGCCCACCACCCCAT-TAC-3Ј, and rev, 5Ј-GTTGCCCCGCAGTTCACA-3Ј; PPAR␥ for, 5Ј-ACACAATGCTGGCCTCCTTG-3Ј, and rev, 5Ј-AAA-AGGCTTTCGCAGGCTCT-3Ј; C/EBP␣ for, 5Ј-ACACAATG-CTGGCCTCC TTG-3Ј, and rev, 5Ј-AAAAGGCTTTCGCA-GGCT CT-3Ј; CtBP1 for, 5Ј-AGAAGAGGACGTTGAAGCCA-3Ј, and rev, 5Ј-ATCCTGAACCTGTACCGACG-3Ј; CtBP2 for, 5Ј-ATAGCAAGTCCTGCAGGGTG-3Ј, and rev, 5Ј-GTGGA-ACAGATCCGTGAGGT-3Ј; and ␤-catenin for, 5Ј-GACCAC-AAGCAGAGTGCTGA-3Ј, and rev, 5Ј-TGAAAGGTTTC-TGAGAGTCCAA-3Ј.
Western Blotting-The cells were lysed in radioimmune precipitation assay buffer supplemented with protease and phosphatase inhibitors (Sigma-Aldrich). The lysates were sonicated for 1 min and centrifuged at 14,000 ϫ g for 10 min at 4°C. The lysates were resolved with 4 -20% Tris/glycine SDS-PAGE and transferred to nitrocellulose membranes. Horseradish peroxidase-conjugated secondary antibody and the Amersham Biosciences ECL advance Western blotting detection system (GE Healthcare Life Sciences) were used. The integrated density was measured with the NIH ImageJ system and normalized with ␤-actin.
Immunofluorescence Staining-Immunofluorescence was carried out as described elsewhere (39) . In brief, 3T3-L1 preadipocytes were cultured on cell culture chamber slides (Nalge Nunc International) with or without AICAR treatment for 24 h. After washing with PBS and treating with 4% paraformaldehyde for 15 min, the slides were washed with PBS 3 times, treated with 5% Triton X-100 for 10 min, and blocked with 1% BSA for 30 min. The cell culture slides were incubated with the primary antibody for ␤-catenin overnight at 4°C. After staining with fluorescence-conjugated secondary antibody (Santa Cruz Biotechnology), the slides were mounted using vector DAPI mounting medium (Vector Laboratories Inc., Burlingame, CA). The samples were examined, captured, and quantified under an Axio Observer Z1 inverted confocal microscope equipped with a Zeiss LSM 5 Live DuoScan laser scanning system (Carl Zeiss MicroImaging).
Chromatin Immunoprecipitation (ChIP) Assay-ChIP analysis was carried out as described elsewhere (39) . In brief, after cells were lysed, the nuclei were isolated, cross-linked with 1% formaldehyde, and lysed in a lysis buffer (1% SDS, 10 mM EDTA, and 50 mM Tris, pH 8.1), and the cross-linked chromatin DNA was sheared by sonication on ice to an average length of ϳ500 bp. The sonicated supernatant was diluted 10-fold in a ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 8.1, and 167 mM NaCl). Chromatin that had been precleared using protein G-agarose (Upstate) was incubated with the specific antibody or IgG as the control at 4°C overnight. The resultant immunoprecipitations were recovered by incubation with the protein G-agarose (Upstate) at 4°C for 2 h followed by low speed centrifugation. The washed pellets were reverse cross-linked. The DNA used for quantita-tive PCR analysis was extracted with phenol/chloroform/isoamyl alcohol (25:24:1) precipitated with ethanol. The PCR primer sequences used for the ChIP assay were as follows: PPAR␥ promoter for, 5Ј-ACCAAGTCTTGCCAAAGCAG-3Ј, and rev, 5Ј-TCTTGCAAAAGATTGGTTGG-3Ј; non-promoter control for, 5Ј-TGTGCCAGGCTCTGTGTTTA-3Ј, and rev, 5Ј-TCAGAAATCCACCTGCCTCT-3Ј; GATA3 promoter for, 5Ј-GTTTGGGAAAGCAAGCAGAG-3Ј, and rev, 5Ј-TCA-GCTTAGGGGCTATGTGC-3Ј; non-promoter control for, 5Ј-AGGCTGGCTCTCCTCAGTTT-3Ј, and rev, 5Ј-ATTCGC-TGCCTCTAGACCTG-3Ј.
Co-immunoprecipitation Assay-The cell nuclear extract, prepared in radioimmune precipitation assay buffer (50 mM Tris-HCl , pH 7.5,100 mM NaCl, 2 mM EDTA, 1% Nonidet P-40, 1 mM EGTA, and protease inhibitor) and 100 mg of protein extract, was precleared with the control IgG (Santa Cruz Biotechnology) and protein A/G beads (Upstate). The precleared extract was then incubated with its specific antibody or preimmune serum and protein A/G beads in 1.5 ml of immunoprecipitation buffer (0.5% Nonidet P-40, 10 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 10% glycerol, and protease inhibitor) at 4°C for 4 -6 h. After a brief centrifugation, the pellets were washed in immunoprecipitation buffer 4 -5 times at 4°C for 10 min, and the immunoprecipitated protein complexes were analyzed by Western blot analysis using the specific antibodies.
TCF/LEF Luciferase Reporter Assay-The 3T3-L1 preadipocytes were transfected with TOPFlash plasmids, transfection grade T-cell factor (Tcf) reporter plasmids that contained three copies of the Tcf binding site (AGATCAAAGGG) upstream of the thymidine kinase (TK) minimal promoter and luciferase open reading frame. A FOPFlash plasmid was used as a negative control. This plasmid contains two full copies (AGGC-CAAAGGG) and one incomplete copy (GCCAAAGGG) of the Tcf binding site (mutated) followed by three copies in the reverse orientation (CCCCTTTGGCCT) upstream of the TK minimal promoter and Luciferase open reading frame. After 16 h of transfection, the cells were stimulated by AICAR (0.5 mM) for 24 h together with or without AMPK knockdown or ␤-catenin knockdown. The cells were then washed twice with PBS and lysed for 15 min. The lysates were collected by centrifugation at 13,000 rpm, and 20 l of lysate was used to measure the luciferase reporter activity. The luciferase activity was normalized to Renilla luciferase activity from the co-transfected internal control plasmid, pRL-TK. A Dual-Luciferase assay was performed using the Dual-Luciferase reporter assay system (Promega).
RNAi-For the knockdown experiments, siRNAs specific for GATA3 (SMARTpool of several siRNAs selected by Dharmacon), CtBP (SMARTpool of several siRNAs selected by Dharmacon), AMPK (SMARTpool of several siRNAs selected by Dharmacon), ␤-catenin (AAACATAATGAGGACCTACAC), and the negative control siRNA (5Ј-AAUUCUCCGAACGU-GUCACGU-3Ј) (Thermo Scientific Dharmacon) were transfected into the 3T3-L1 adipocytes via a DharmaFECT transfection reagent.
Statistical Analyses-The values are expressed as mean Ϯ S.E. A two-tailed non-paired Student's t test was used to compare pairs of groups. Any statistical differences between three or more groups were evaluated using a one-way analysis of variance (ANOVA) with Dunnet's multiple comparison post hoc tests at ␣ ϭ 0.05. A p value of Ͻ0.05 was regarded as statistically significant.
Results

AICAR Increases GATA3 Expression, Which Inhibits
Adipogenesis-AICAR, an activator of AMPK, and GATA factors including GATA2 and GATA3 inhibit adipocyte differentiation. To determine whether there is a relationship between the two anti-adipogenic effects, we first examined the GATA factor expression. Surprisingly, we observed that GATA3 but not GATA2 was up-regulated by AICAR stimulation in 3T3-L1 preadipocytes at the RNA and protein levels ( Fig. 1, A and B) . GATA factors inhibit adipogenesis by suppressing PPAR␥ gene expression via directly binding to the GATA site on the PPAR␥ promoter (2) . To examine whether AICAR-stimulated GATA3 expression affects the binding of GATA3 at the PPAR␥ promoter, we performed a ChIP analysis. The result showed that AICAR increased GATA3 binding at the PPAR␥2 promoter but not in the negative control region of the PPAR␥ gene ( Fig. 1C ), suggesting that AICAR may induce the expression of GATA factors, especially GATA3, making them bind to the adipogenesis-required gene promoter and regulating their expression. The adipogenesis key marker genes PPAR␥ and C/EBP␣ were consistently down-regulated by AICAR stimulation. However, the knockdown of GATA3 (Fig. 1D ), at least in part, attenuated the down-regulation induced by AICAR stimulation (Fig. 1E ), suggesting that AICAR-inhibited adipogenesis is mediated by GATA3. Next, we investigated the impact of GATA3 knockdown on AICAR-inhibited adipogenesis. As shown in Fig. 1F , the GATA3 knockdown was able to partially rescue AICAR-inhibited adipogenesis, as measured by increased lipid accumulation compared with AICAR-treated adipocytes only. This suggests that GATA3 acts as a downstream factor to mediate the AICAR effects in adipocytes. Given that AICAR needs to activate AMPK to exert its function, we next examined whether AICAR-stimulated GATA3 expression is mediated by activated AMPK. We knocked down AMPK␣in 3T3-L1 cells and found that AICAR-induced GATA3 expression was impaired by AMPK knockdown (Fig. 1, G  and H) , indicating that AICAR activates AMPK to increase GATA3 expression and that this increased GATA3 expression inhibits adipocyte differentiation. FIGURE 1. AICAR-activated AMPK increases GATA3 expression in preadipocytes. A, expression of GATA2 and GATA3 was quantified using quantitative PCR in 3T3-L1 preadipocytes without or with AICAR treatment (0.5 mM) for 48 h. B, the GATA3 protein level was determined by Western blotting in 3T3-L1 preadipocytes without (Ctrl, control) and with AICAR treatment (0.5 mM) for 48 h. C, ChIP assay of the GATA3 binding at the PPAR␥2 promoter (pro) in 3T3-L1 preadipocytes without and with AICAR treatment (0.5 mM) for 48 h. A neighbor region of the PPAR␥2 gene without transcripts (Non-pro) was used as a negative binding control region and a nonspecific IgG was used as a negative control for the chromatin pulldown. D, GATA3 protein level was determined by Western blotting to detect the GATA3 knockdown effect. E, the expression of PPAR␥ and C/EBP␣ was determined by RT-PCR in 3T3-L1 adipocytes without or with AICAR treatment (0.5 mM) for 9 days together with or without GATA3 knockdown (KD). F, Oil Red O staining and lipid accumulation quantification of 3T3-L1 adipocytes without or with AICAR (0.5 mM) treatment for 9 days together with or without GATA3 knockdown. The cells were induced to differentiate for 9 days using the full differentiation mixture. Scale bars, 50 m. G and H, GATA3 expression was determined in 3T3-L1 preadipocytes without or with AICAR (0.5 mM) treatment for 48 h together without or with AMPK knockdown by RT-PCR (G) and Western blotting (H). One-way ANOVA was used in E-G, and other statistics were performed using Student's t test; bar graphs are mean Ϯ S.E. In vitro data are the means of three independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01.
AICAR Phosphorylates GSK3␤, Which Stabilizes ␤-Catenin
and Stimulates Wnt/␤-Catenin Activation-Next, we investigated the mechanism through which AICAR increases GATA3 expression. Surprisingly, we observed that Wnt/␤-catenin signaling is involved in regulating the expression of GATA3 by AICAR. Wnt/␤-catenin has been reported to prevent the differentiation of 3T3-L1preadipocytes (15, 16) and to inhibit key transcription factors in adipogenesis including PPAR␥ and C/EBP␣. We examined whether Wnt/␤-catenin mediates AICAR-induced GATA3 expression. First, we investigated whether AICAR regulates ␤-catenin expression. As Fig. 2 , A and B, shows, AICAR stimulation increased ␤-catenin expression at both the RNA and protein levels. In contrast, AMPK␣ knockdown decreased the effect of AICAR on ␤-catenin expression (Fig. 2, A and B) , suggesting that AICAR-activated AMPK signaling regulates ␤-catenin expression in preadipocytes. Importantly, AICAR increased the nuclear ␤-catenin content, but AMPK knockdown blocked the increase (Fig. 2C ). The activation of Wnt/␤-catenin signaling by AICAR was further confirmed by immunofluorescence staining analyses that showed increased nuclear localization of ␤-catenin in the 3T3-L1 cells (Fig. 2D ). These data further verified that AMPK activation may stabilize the ␤-catenin and activate the Wnt/␤catenin signaling pathway in preadipocytes. To further elucidate the mechanism by which AICAR-activated AMPK stimulates Wnt/␤-catenin signaling activation, we then assessed whether AICAR could phosphorylate (Ser 9 ) to inactivate GSK3␤, a component of ␤-catenin degradation complex. We examined both the total and phosphorylated GSK3␤ proteins and found, as shown in Fig. 2E , that the phosphorylation of GSK3␤ proteins was increased by AICAR stimulation at the indicated times, but this did not increase the total GSK3␤ proteins. Importantly, AMPK knockdown impaired the effect of AICAR on increased GSK3␤ phosphorylation. These data suggest that AICAR-activated AMPK may inactivate GSK3␤ by increasing its phosphorylation and thus inhibit ␤-catenin degradation, which leads to the accumulation of ␤-catenin in the nucleus and the activation of Wnt/␤-catenin signaling and its downstream effects. Supporting this interpretation, we found that the anti-adipogenic effect of AICAR was impaired by the knockdown of ␤-catenin ( Fig. 2F) as reflected by the Oil Red O staining of the intracellular lipids, indicating that the anti-adi- pogenic effect of AICAR may be mediated by Wnt/␤-catenin signaling. To investigate whether AICAR-induced GATA3 expression is also mediated by Wnt/␤-catenin signaling, we first used the Wnt antagonist Dkk1 to treat 3T3-L1 preadipocytes. The results showed that the AICAR-induced increase in GATA3 RNA and protein levels was impaired by DKK1 treatment (Fig. 2, G and H) , suggesting that ␤-catenin-mediated AICAR effects on anti-adipogenesis may be partially a result of the regulation of GATA factors, especially GATA3 expression. Notably, the increased GATA3 binding at the PPAR␥2 promoter by AICAR was also partially abolished by the DKK1 treatment (Fig. 2I) . These data support our hypothesis that Wnt/␤-catenin may modulate the adipocyte differentiation process by mediating AICAR-induced GATA3 expression in preadipocytes.
␤-Catenin Activation Induces GATA3 Expression, Which Inhibits Adipogenesis-As our findings suggested that disrupted ␤-catenin signaling by DKK1 inhibits GATA3 expression, we next investigated whether ␤-catenin directly regulates GATA3 expression. We knocked down the ␤-catenin using short hairpin RNA (shRNA) specific to ␤-catenin. As shown in Fig. 3, A and B , the mRNA and protein levels of ␤-catenin were significantly reduced in these cells. We then observed that GATA3 expression was down-regulated by the knockdown of ␤-catenin (Fig. 3C) . In contrast, ␤-catenin activation by LiCl, which is a potent activator of Wnt/␤-catenin signaling, up-regulated GATA3 expression ( Fig. 3D) . Importantly, the knock-down of ␤-catenin impaired AICAR induced GATA3 expression (Fig. 3E) . These data suggest that ␤-catenin acts downstream of AICAR to directly regulate GATA3 expression. To address the role of ␤-catenin in the GATA3-induced antiadipogenesis effect, we overexpressed GATA3 in 3T3-L1 cells (Fig. 3F ). As shown in Fig. 3 , G-I, when the cells were induced to differentiate by using a differentiation mixture, the ectopic expression of GATA3 led to decreased lipid accumulation and reduced expression of the adipogenic markers PPAR␥ and C/EBP␣. However, the knockdown of ␤-catenin, at least in part, attenuated the inhibition effect of GATA3 on adipogenesis as indicated by the Oil Red O staining and the expression of PPAR␥ and C/EBP␣ at the RNA and protein levels (Fig. 3, G-I) .
In addition, GATA3 binding at the PPAR␥ promoter was decreased by the knockdown of ␤-catenin but increased by LiCl-activated ␤-catenin (Fig. 3I) . These data strongly suggest that the anti-adipogenic effect of the Wnt/␤-catenin signaling pathway is due to the direct modulation of GATA3 expression.
AMPK Increases ␤-Catenin/TCF Transcriptional Activity, Which Regulates GATA3 Expression-To investigate the mechanism by which ␤-catenin mediates AICAR-induced GATA3 expression, we first performed a ChIP assay to detect whether the GATA3 expression was regulated by ␤-catenin binding to the GATA3 promoter. Interestingly, we observed that ␤-catenin did bind at the GATA3 promoter ( Fig. 4A) but not in the negative control sequence (Non-pro). Importantly, ␤-catenin activation by LiCl treatment increased binding at the GATA3 promoter, and knocking down of ␤-catenin decreased the binding of ␤-catenin at the GATA3 promoter ( Fig. 4A) . Similarly, with AICAR stimulation, the binding of ␤-catenin at the GATA3 promoter also increased ( Fig. 4A) , supporting our hypothesis that the AICAR activation of ␤-catenin signaling up-regulates GATA3 expression by facilitating the stabilization of ␤-catenin at the GATA3 promoter. In contrast, ␤-catenin knockdown decreased its binding at the GATA3 promoter. These data further confirm the underlying mechanism through which ␤-catenin directly regulates GATA3 expression in preadipocytes. As ␤-catenin does not bind to DNA by itself and transcription factors TCF/LEF family can interact with and recruit ␤-catenin to regulatory sites of the Wnt target gene (13) , we also assessed the binding of TCF at the GATA3 promoter. With AICAR stimulation, the binding of TCF at the GATA3 promoter was found to increase ( Fig. 4B ), suggesting that the binding of TCF to the GATA3 promoter contributes to the ␤-catenin-mediated transcription activation of GATA3. To directly assess whether AICAR-activated AMPK regulates ␤-catenin/TCF transcriptional activity in 3T3-L1 preadipocytes, we performed TCF/LEF luciferase reporter assays using the TCF-dependent luciferase reporter (containing three copies of the TCF binding site), TOPFlash. As shown in Fig. 4C , AICAR increased TOPFlash luciferase activity, but AMPK knockdown impaired this effect. Importantly, ␤-catenin knockdown also abolished AICAR-enhanced TOPFlash activity. Taken together, these data indicate that AICAR-activated AMPK contributes to ␤-catenin/TCF transcriptional activity and that AICAR induced up-regulation of GATA3 represents a specific effect of AICAR on ␤-catenin/TCF transcriptional activity.
Some reports suggest that TCF may interact with some co-repressors to inhibit Wnt/␤-catenin downstream gene expression when the Wnt/␤-catenin signal is not activated (12, 14, 40) . Therefore, we hypothesize that AICAR stimulation may activate ␤-catenin to bind competitively with co-repressors to TCF through overlapping binding sites; the ␤-catenin binding thus displaces the co-repressors, leading to the relieving of transcriptional repression. Interestingly, CtBP, a transcription co-repressor, had a weak binding at the GATA3 promoter compared with the control region. However, it was observed that CtBP binding at the GATA3 promoter was abolished by AICAR stimulation (Fig. 4D) , whereas the disruption of ␤-catenin signaling by DKK1 increased the binding of CtBP at the GATA3 promoter ( Fig. 4D ). Collectively, these data suggest that CtBP may inhibit GATA3 expression in the absence of Wnt/␤-catenin by binding to the GATA3 promoter, but the activation of the Wnt/␤-catenin signaling pathway can relieve the CtBP repression effect via releasing the CtBP binding, leading to recruited ␤-catenin binding at the GATA3 promoter by TCF. Notably, CtBP does not bind DNA by itself. The unknown factors that recruit CtBP to the GATA3 promoter warrant further investigation.
CtBP Inhibits the Interaction of ␤-Catenin and TCF, Thus Repressing GATA3 Expression-To investigate the effect of CtBP on GATA3 expression, we knocked down the CtBP in the 3T3-L1 preadipocytes. As shown in Fig. 5A , the knockdown of CtBP transcriptionally enhanced GATA3 expression. The GATA3 protein level also mirrored the mRNA level (Fig. 5B) . To test our hypothesis that ␤-catenin and CtBP interact competitively with TCF to bind to the GATA3 promoter to exert inverse functions, we performed an immunoprecipitation experiment. Surprisingly, as Fig. 5C shows, we did not observe FIGURE 4 . AICAR increases ␤-catenin/TCF transcriptional activity to regulate GATA3 expression. A, ChIP assay of ␤-catenin binding at the GATA3 promoter (pro) under the specified conditions for 48 h. A neighbor region of the GATA3 gene without transcripts (Non-pro) was used as a negative binding control region, and nonspecific IgG was used as a negative control for chromatin pulldown. B, ChIP assay of TCF binding at the GATA3 promoter under the specified conditions for 48 h. A neighbor region of GATA3 gene without transcripts was used as a negative binding control region, and nonspecific IgG was used as a negative control for chromatin pulldown. C, TCF/LEF luciferase reporter assays in 3T3-L1 preadipocytes without or with AICAR (0.5 mM) treatment for 24 h together without or with AMPK knockdown (KD) and relative luciferase activities were measured. D, ChIP assay of the CtBP binding at the GATA3 promoter under the specified conditions for 48 h. A neighbor region of the GATA3 gene without transcripts was used as a negative binding control region, and nonspecific IgG was used as a negative control for chromatin pulldown. One-way ANOVA was used in C, and bar graphs are mean Ϯ S.E. In vitro data are the means of three independent experiments. *, p Ͻ 0.05. any interaction between CtBP and TCF. In contrast, a weak interaction between CtBP and ␤-catenin was detected. These data are consistent with previous reports of no detectable association observed between TCF and CtBP in vivo in mammalian cells (32) . However, the interaction detected between CtBP and ␤-catenin indicates that CtBP may associate with ␤-catenin to inhibit the interaction of ␤-catenin with TCF, leading to the repression of Wnt/␤-catenin target genes. A similar study reports that CtBP interacts with ␤-catenin via the adapter, adenomatous polyposis coli, a factor that promotes the destruction of ␤-catenin in the cytoplasm, and this decreases the availability of the free nuclear ␤-catenin required for binding to TCF and to activate Wnt/␤-catenin downstream target gene expression (32) . Interestingly, with AICAR stimulation, the interaction between CtBP and ␤-catenin was blocked and the interaction between ␤-catenin and TCF increased (Fig. 5C ). These data suggest that AICAR may facilitate ␤-catenin stabilization and disassociation from the CtBP repressor and thus increase the interaction of ␤-catenin and TCF, leading to the positive regulation of Wnt/␤-catenin target gene expression. In support of view, the knockdown of CtBP promoted the interaction between ␤-catenin and TCF (Fig. 5D ). Importantly, CtBP knockdown increased TOPFlash activity (Fig. 5E ), suggesting that the disassociation of CtBP from its interaction with ␤-catenin enhances the ␤-catenin/TCF transcriptional activity and thus facilitates downstream target gene expression. CtBP knockdown consistently increased the binding of ␤-catenin and TCF at the GATA3 promoter in preadipocytes (Fig. 4, A and B) . Furthermore, GATA3 and ␤-catenin expression were greatly down-regulated upon the differentiation of 3T3-L1 cells into adipocytes (Fig. 5F ). We then investigated the changes of ␤-catenin binding at the GATA3 promoter before and after adipocyte differentiation. We observed that ␤-catenin binding dramatically declined with adipocyte differentiation (Fig. 5G) , whereas the CtBP repressor binding at the GATA3 promoter was enhanced with adipocyte differentiation (Fig. 5H) . Collec-tively, these data suggest that Wnt/␤-catenin signaling positively regulates GATA3 expression in preadipocytes via TCF recruiting of ␤-catenin to the GATA3 promoter and that AICAR can activate Wnt/␤-catenin signaling to promote the Wnt/␤-catenin signaling effect. Together these processes lead to an anti-adipogenic effect. In contrast, CtBP negatively regulates GATA3 expression, and this inhibition may explain why GATA3 expression is down-regulated in differentiated adipocytes.
As our data suggested that CtBP regulates GATA3 expression in 3T3-L1 preadipocytes, we investigated the effect of CtBP on adipogenesis. CtBP1 and CtBP2 mRNA levels did not significantly change with adipocyte differentiation, although a decreased trend was observed, as shown in Fig. 6A . The total CtBP protein level did not significantly change (Fig. 6B ). When CtBP was knocked down, the levels of the adipogenic markers PPAR␥ and C/EBP␣ were not significantly affected (Fig. 6, C  and D) . These data suggest that CtBP is sustained throughout adipogenesis and that it acts as a repressor in preadipocytes that regulates GATA3 expression. Further studies will help to illustrate the precise role of CtBP in adipogenesis.
Discussion
In this study, we have provided evidence to suggest that in preadipocytes, AMPK activation by AICAR increases GATA3 expression through inactivating GSK3␤, thus activating the Wnt/␤-catenin signaling pathway and enhancing the ␤catenin/TCF transcriptional activity and binding at the GATA3 promoter. The increased GATA3 expression ultimately leads to inhibited adipogenesis. However, the anti-adipogenic effect of GATA3 is attenuated by the disruption of Wnt/␤-catenin signaling. The AMPK-induced GATA3 expression is also mediated by decreased binding of the CtBP repressor at the GATA3 promoter and the abolition of the interaction between CtBP and ␤-catenin. With adipocyte differentiation, the disassociation of ␤-catenin/TCF from the GATA3 promoter and increased CtBP binding at the GATA3 promoter may explain, FIGURE 5 . CtBP inhibits GATA3 expression by inhibiting the interaction of ␤-catenin and TCF. A and B, GATA3 expression was determined at the RNA and protein levels in 3T3-L3 preadipocytes without or with CtBP knockdown (KD) by RT-PCR (A) and Western blotting (B). C, co-immunoprecipitations between endogenous CtBP and ␤-catenin or TCF-4 and between endogenous ␤-catenin and TCF-4 in 3T3-L1 preadipocytes without or with AICAR (0.5 mM) treatment for 48 h. D, co-immunoprecipitations between endogenous ␤-catenin and TCF-4 in 3T3-L1 preadipocytes without or with CtBP knockdown. IP, immunoprecipitation; IB, immunoblotting. E, TCF/LEF luciferase reporter assays in 3T3-L1 preadipocytes without or with CtBP knockdown. F, ␤-catenin and GATA3 protein levels were determined by Western blotting in 3T3-L1 preadipocytes (Ctrl) and differentiated adipocytes at day 9 (Diff.). G, ChIP assay of ␤-catenin binding at the GATA3 promoter in 3T3-L1 preadipocytes and differentiated adipocytes at day 9. H, ChIP assay of the CtBP binding at the GATA3 promoter in 3T3-L1 preadipocytes and differentiated adipocytes at day 9. Statistics were performed using Student's t test, and bar graphs are mean Ϯ S.E. In vitro data are the means of three independent experiments. *, p Ͻ 0.05; **, p Ͻ 0.01.
at least in part, the robust reduction of GATA3 levels during this process.
Modulation of early preadipocyte differentiation is one strategy to inhibit adipogenesis and trigger white adipose tissue remodeling, thus reducing adiposity (41) . Multiple transcription factors can attenuate adipogenesis. GATA2 and GATA3 expressed in preadipocytes have been reported to inhibit adipogenesis by directly binding to the PPAR␥ promoter, which suppresses its basal activity or the antagonism of C/EBPs activity (2, 3) . PPAR␥ and C/EBPs are master regulators of adipogenesis. As a sensor of energy, AMPK has been shown to reduce fat accumulation and increase glucose tolerance, insulin sensitivity, and mitochondrial biogenesis (42) (43) (44) (45) (46) (47) . The AMPK activator AICAR can inhibit 3T3-L1 adipocyte differentiation by blocking the expression of C/EBP␣ and PPAR␥ (36) . In our study, surprisingly, we found that AICAR increased GATA3 expression but not GATA2 expression in 3T3-L1 preadipocytes. Importantly, treatment with AICAR increased GATA3 binding to the PPAR␥ promoter, and the knockdown of AMPK attenuated AICAR-increased GATA3 expression, suggesting that the AICAR effect is mediated by the AMPK pathway. The binding of GATA3 at the PPAR␥ promoter suppresses PPAR␥ expression and thus inhibits adipogenesis (2) , suggesting that AMPK inhibits adipogenesis by inhibiting its master regulators. It is likely that there is cross-talk among these different pathways, which collectively repress adipogenesis.
Wnt binding to Frizzled (FZD1) receptors and to low density lipoprotein receptor-related protein (LRP) co-receptors leads to the hypophosphorylation of ␤-catenin, which results in the stabilization and accumulation of ␤-catenin in the cytoplasm and its translocation into the nucleus where it binds to TCF/ LEF transcription factors and activates Wnt target genes (48, 49) . The Wnt/␤-catenin pathway is one of the extracellular signaling pathways known to regulate adipogenesis (48, 49) . The ectopic expression of Wnt in preadipocytes activates Wnt/␤catenin signaling and represses adipogenesis (15, 16, 50) . Furthermore, treatment with pharmacological agents that activate canonical Wnt signaling can block adipocyte differentiation (16) , whereas the inhibition of Wnt signaling in preadipocytes can induce adipocyte differentiation. Understanding how to activate the Wnt/␤-catenin signaling pathway may provide some potential avenues for the treatment of obesity-related metabolic complications. This study has demonstrated that AICAR stimulation in preadipocytes can increase the nuclear accumulation of ␤-catenin and activate Wnt/␤-catenin signaling, leading to the inhibition of adipocyte differentiation. The AICAR effect is mediated by AMPK, as AMPK knockdown attenuates the AICAR effect of increasing and stabilizing the ␤-catenin. This finding is consistent with other studies that found that AICAR-induced AMPK activation inhibits adipogenesis in 3T3-L1 adipocytes via the Wnt/␤-catenin pathway (51) . Importantly, for the first time, we demonstrated that AICAR-activated AMPK may inactivate GSK3␤ by phosphorylation. As GSK3␤ targets the ␤-catenin to degradation complex, the inactivation of GSK3␤ by AICAR allows ␤-catenin to escape degradation and thus accumulate in the nucleus. However, whether AMPK directly phosphorylates GSK3␤ or AMPK stimulates other kinases to phosphorylate GSK3␤ remains unclear. In addition, we revealed that the AICAR-mediated increase in GATA3 expression is also impaired by the disruption of the Wnt/␤-catenin signaling pathway. These results identify GATA3 as a novel downstream target of Wnt/␤catenin and suggest that there is cross-talk between AMPK and the Wnt/␤-catenin signaling pathway in preadipocytes. In fact, previous studies have shown that AMPK regulates cell differentiation and development by promoting ␤-catenin expression, stabilizing ␤-catenin, and enhancing ␤-catenin/TCF-mediated transcription (34, 35) . Additionally, AICAR and activated AMPK inhibit adipocyte differentiation by down-regulating the expression of adipogenic factors in vitro and reducing adipose tissue content in diet-induced obesity (DIO) mice (37, 46, 52) . Because of the important role of AMPK and ␤-catenin signaling not only in adipocyte differentiation but also in cell differentiation and tissue development, the cross-talk between AMPK and Wnt/␤-catenin likely has important physiological and developmental implications.
One of the mechanisms through which Wnt/␤-catenin signaling inhibits adipogenesis is thought to be the prevention of the induction of the master adipogenic regulators C/EBP␣ and PPAR␥ during preadipocyte differentiation (15) . However, the underlying mechanism through which ␤-catenin regulates the expression of these adipogenic regulators is still unclear. Our study has shown that ␤-catenin increases GATA3 expression, which inhibits PPAR␥ and C/EBP␣ expression. In our study, the knockdown of ␤-catenin decreased GATA3 expression in preadipocytes and attenuated the GATA3-mediated inhibition of adipocyte differentiation. The GATA3-caused reduction in the expression of key adipogenic regulators was also impaired by the knockdown of ␤-catenin. GATA3 binding at the PPAR␥ promoter was increased by the activation of ␤-catenin signaling but decreased by the knockdown of ␤-catenin. These data suggest that the effect of ␤-catenin in adipocytes is mediated by GATA3 and that the inhibited expression of key adipogenic regulators by ␤-catenin also occurs through the regulation of GATA3 expression. Our results provide insights into the mechanisms through which Wnt/␤-catenin signaling functions to block adipogenesis and to regulate adipogenic regulators by modulating its new target, GATA3. Furthermore, the recruitment of ␤-catenin by TCF to the promoter of GATA3 also regulates the expression of GATA3. We observed that the activation of ␤-catenin signaling, either by AICAR or LiCl stimulation, enhanced the binding of ␤-catenin at the GATA3 promoter, but the disruption of ␤-catenin signaling reduced the binding of ␤-catenin at the GATA3 promoter. These data taken together demonstrate that transcription factors such as GATA3 and signaling pathways, including the AMPK and Wnt/␤-catenin signaling pathways, coordinately and strictly regulate adipocyte differentiation via their cross-talk.
CtBP is able to interact with gene-specific transcriptional factors and recruit several known epigenetic modifying enzymes such as LSD1, HDACs, and G9a, among others, to the target genes (18, 53) . CtBP is also involved in the Wnt/␤catenin signaling pathway. First, some studies report that CtBP inhibits Wnt target genes by interacting with TCFs (30, 31). However, some later studies did not find any interaction between CtBP and TCF but did find that some adaptors, such as APC (adenomatous polyposis coli), mediate the interaction between ␤-catenin and CtBP, and thus CtBP lowers the availability of free ␤-catenin for binding to TCF, leading to suppressed Wnt target genes (32, 33) . Some other reports suggest that CtBP can act as a repressor of Wnt target genes in dimers and an activator of Wnt target gene in monomers (26, 54) . Here, we found that CtBP can inhibit GATA3 expression in the absence of Wnt signaling activation in preadipocytes. When Wnt/␤-catenin signaling was activated, CtBP was released from the interaction with ␤-catenin and GATA3 promoter, leading to increased interaction between ␤-catenin and TCF at the GATA3 promoter and induced GATA3 expression. It is possible that CtBP is recruited to the GATA3 promoter by some unknown factors in the absence of Wnt/␤-catenin activation and that␤-catenin activation releases the CtBP from the GATA3 promoter and promotes ␤-catenin and TCF interaction, leading to increased GATA3 expression. Supporting our interpretation, our data demonstrated that AMPK signaling activation by AICAR can stimulate ␤-catenin-dependent TCF/ LEF transcriptional activity by increasing ␤-catenin/TCF binding and releasing CtBP binding at downstream target binding sites, thus promoting target anti-adipogenic gene expression such as GATA3. These data suggest that AMPK, Wnt/-catenin/ TCF, and CtBP collectively regulate GATA3 expression in preadipocytes and thus affect adipocyte differentiation. The blocked expression of ␤-catenin in adipocyte differentiation results in decreased binding of ␤-catenin and increased CtBP binding at the GATA3 promoter, which facilitates the downregulation of GATA3. However, although CtBP inhibits the expression of GATA3, which is a repressor of adipogenesis, the effect of CtBP on adipocyte differentiation is not positive. Our data indicated that CtBP expression was sustained throughout adipogenesis, and the knockdown of CtBP had no significant effect on the expression of key adipogenic marker genes. Further study will help to illustrate the detailed function of CtBP during adipocyte differentiation.
In conclusion, our study identifies a new regulatory mechanism for adipocyte differentiation: AMPK activation stimulates Wnt/␤-catenin signaling by inactivating GSK3␤ to inhibit ␤-catenin degradation. This results in the activation of ␤-catenin/TCF transcriptional activity and downstream target gene expression such as GATA3 and relieves the co-repressor CtBP from the ␤-catenin/TCF binding site. Collectively, this leads to the suppressed expression of adipogenic regulators and the anti-adipogenic effect.
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